The co-occurrence of Geobacter and Methanosarcinales is often used as a proxy for the manifestation of 21 direct interspecies electron transfer (DIET) in man-made and natural aquatic environments. We previously 22
Introduction
methanogen in this media. G. metallireducens, G. hydrogenophilus and Rhodoferax ferrireducens were maintained on the same freshwater media mentioned above with 55 mM ferric citrate as electron acceptor. 117
The first two were maintained with 10-20 mM ethanol as electron donor 11, 12 whereas the later was with 118 5mM glucose. Pelobacter carbinolicus which was used as the H2-donating strain was cultivated under 119 fermentative conditions on 10 mM acetoin 2 . Co-cultures with Methanosarcina species were established as 120 previously described on syntrophic/modified media 120c (without added electron acceptors) with 10-20 mM 121 ethanol 10-12 and 5 mM glucose (for R. ferrireducens). Co-cultures with strict H2-utilizing methanogens were 122 established as above, on a freshwater media with 0.36 g/L NaCl 10 for all strains exclusive of M. maripaludis 123 which received 5g/L salt. Co-cultures with hydrogenotrophs were set up without electron acceptors, but with 124 one of the following electron donors: 20 mM ethanol as electron donor for incubations with G. 125 proxy for the efficiency of the interaction. Over the course of 117 days, the co-culture with Methanothrix 143 accumulated 9-times more methane than a co-culture with Methanospirillum (Fig. 1, p=0 .03). Control tests 144 with these two methanogens alone showed they could not sustain methane-production from ethanol (Fig. 1) . 145
Although G. hydrogenophilus produces some H2 it was not an efficient H2 donor, unlike the H2-donating 146 syntroph -P. carbinolicus ( Table 1) . 147
With only two out of seven Geobacter showing aptitude for DIET with Methanosarcinales, we 148 decided to look outside the Geobacter clade. We tested the possibility for DIET or H2-transfer with the 149 effective anode respiring Betaproteobacteria -Rhodoferax ferrireducens 25 hungatei and Mbt. formicicum). We expected that this efficient anode-respiring bacterium 25 would prefer 157 DIET syntrophic partners to H2-utilizing partners. R. ferrireducens cannot utilize ethanol, therefore these co-158 cultures were provided with glucose (5 mM) as sole electron donor 29 . On glucose, Rhodoferax acts a 159 respiratory organism and could not oxidize this substrate alone 30 . In these co-cultures, methane was used as 160 a proxy for syntrophic metabolism. In order to estimate electron recovery from glucose, volatile fatty acid 161 accumulation was determined during stationary phase. All co-cultures consumed the 5 mM glucose added (< 162 4µM detected after 270 days). Product recoveries varied significantly in Rhodoferax co-cultures with DIET-163 methanogens versus co-cultures with hydrogenotrophic methanogens (Fig. 2 and 2 
-inset). By comparing 164
methane production in co-cultures with Rhodoferax, it was evident that M. harundinacea was the most the majority of the electrons were recovered as methane (12%) and only traces as acetate (2%). Both co-171 cultures of Rhodoferax with strict hydrogenotrophs resulted in low electron recoveries of 22-23% mostly as 172 acetate (18%). These results show that Rhodoferax favors interactions with DIET-methanogens rather than 173 strict hydrogenotrophic methanogens. However, we do not know how Rhodoferax releases electrons to DIET 174 methanogenic partners, although hints about its EET metabolism have been projected from genome 175 screening 30,32 . The genome of R. ferrireducens contains 45 putative c-type cytochromes 30 and the entire 176
Mtr-pathway suggesting R. ferrireducens may be doing EET similar to Shewanalla 32,33 . It remains to be 177 tested whether this pathway is also used for DIET syntrophy with methanogens. 178
Strict hydrogenotrophic methanogens were incapable of DIET with G. metallireducens 179
To examine the ability for direct interspecies electron uptake in new strains of methanogens, G. 180 metallireducens was used as the default DIET-partner for co-culture experiments. We selected 7 181 methanogenic strains as representatives of two groups: hydrogenotrophic (H2-consuming) and non-182 hydrogenotrophic methanogens. 183
We evaluated DIET between G. metallireducens and 4 strict hydrogenotrophic species: Methanoculleus 184 marisnigri, Methanolacinia petrolearia, Methanococcus voltae, and Methanococcus maripaludis. We 185 selected two members of the Methanomicrobiaceae family (Mlc. petrolearia, Mcl. marisnigri) whose 186 transcripts were abundant (13%) in rice paddies dominated by transcripts of Geobacter 34 , hinting at the 187 possibility of an interaction between the two. We incubated G. metallireducens with Mlc. petrolearia for ca. Methanococcus is restricted by the low salt concentration required by Geobacter 45 . Therefore, we had to 200 preadapt two Methanococcus species and G. metallireducens to grown in media with 5 g/L salt by successive 201 transfers at increasing salt concentrations. When all strains were effectively adapted, we co-inoculated each 202 methanogen with Geobacter and provided ethanol. Under these conditions, neither Methanococcus species 203 produced methane ( Table 1) . 204
DIET evaluation by co-cultivation with G. metallireducens has now been carried out for 6 strict 205 A clear pattern emerged regarding the inability of strict hydrogenotrophic methanogens to pair with G. 208 metallireducens ( Table 1) . 209
All seven Methanosarcinales tested did form ethanol-metabolizing consortia with G. metallireducens 210
Until now, Methanosarcinales is the only order of methanogens evaluated positive for DIET. Three strains 211 of this order have been reported to do DIET, of which 2 were strict non-hydrogenotrophic methanogens 212 (Methanothrix harundinacea and Methanosarcina horonobensis) whereas a third could utilize H 2 213 (Methanosarcina barkeri 800) 10-12 , yet it's threshold for H2-uptake is 10-fold higher that of strict 214 hydrogenotrophs 46,47 making it less effective at H2-utilization. This was evident since Ms. barkeri coupled were provided with ethanol and were anticipated to reach mid exponential after circa two months, according 223 to preliminary tests and previous reports 10-12 . After 75 days, all co-cultures of Geobacter and 224
Methanosarcinales oxidized ethanol and produced methane ( Table 1 ). The respiratory metabolism of 225
Geobacter (reaction 1) resulted in extracellular transfer of electrons and transient formation of acetate ( Fig.  226 3). The products of ethanol oxidation were then converted into methane (reaction 2 &3; Fig. 3b ). In the 227 absence of Geobacter, none of the methanogens converted ethanol to methane ( Fig. 3a) . 228
Earlier, DIET has been reported to be accelerated by conductive particles such as granular activated carbon 229 (GAC) 12,48 and not by non-conductive materials such as cotton cloth 49 . Conductive materials can promote the 230 respiratory metabolism of Geobacter until the material reaches charge-saturation 50,51 . Afterwards, only the 231 presence of a methanogen retrieving electrons would keep the process from coming to a halt 11 . We subjected 232 co-cultures of G. metallireducens and three strains of Methanosarcina (M. mazei; M. mazei 663; M. barkeri 233 227) to 25g/L GAC to verify if we can stimulate their growth. All co-cultures reduced their lag-phases and 234 reached mid-exponential much quicker, while at a minimum tripling their methanogenesis rates ( Fig. 3 , 235 Table 1 ). 236
We have now expanded the list of methanogens capable of DIET to five species of Methanosarcinales plus 237 two additional strains of M. barkeri strain 227 and 804, besides the type strain 800. It appears that the genetic 238 makeup for DIET is conserved among Methanosarcinales, although the responsible genes have not been 239 were the only 2 species with MHC-cytochromes apparently localized on the membrane or secreted ( Table  248 2b). M. mazei's predicted MHC cytochrome was detected in the surface/membrane-bound fraction by 249 biochemical testing and predicted to be secreted extracellularly through leaderless secretion 54 where it is 250 suggested to join a membrane-bound complex containing flavoproteins and iron-sulfur flavoproteins 55 . 251
Our hypothesis was that if M. mazei required this MHC-cytochrome for extracellular electron transfer, cells 252 without it would be unable to interact with a DIET syntroph or with a poised electrode. This approach was 253 previously used to determine Geobacter's necessity for cell surface MHC-cytochromes during EET to 254 electrodes 56 , iron-oxide minerals 22 and DIET-partners 1, 3, 12 . 255
To test this hypothesis, we used a knock-out mutant of M. mazei (∆0633) in which the gene (MM_0633) 256 encoding for the putative multiheme c-type cytochrome was deleted 57 . The deletion mutant showed no 257 phenotypic variability to the wild type when growing on its typical substrates (methanol and acetate) 57 . To 258 determine whether this MHCc was required to receive DIET electrons from Geobacter, M. mazei ∆0633 was 259 incubated with G. metallireducens in syntrophic media with ethanol ( Fig. 3) . Methane production and 260 ethanol oxidation progressed similar to wild type control incubations (Fig. 3) demonstrating that this MHC is 261 not required for DIET. 262
Recently, it was reported that M. mazei was not electroactive and incapable to retrieve electrons from a 263 poised cathode at -700 mV (vs. SHE) 58 . However, these experiments were carried out for only 3 day, which 264 is too short compared to any other tests for electromethanogenesis in reactors with pure cultures 11,59 . absence of its one and only MCH cytochrome impacts EET from a cathode. Both M. mazei strains with and 267 without the cytochrome were incubated with a cathode poised at a voltage of -400 mV (vs. SHE), 268 unfavorable for the H2-evolution reaction 11 . Control experiments were run alongside, without applying a 269 voltage at the cathode, to verify whether methanogenesis can be induced by carry-over substrates. Only in 270 experiments with a poised cathode, methane production proceeded as effectively for ∆0633 and wild type M. 271 mazei (Fig. 4) , showing that the MHC-cytochrome is not required for electron uptake from a cathode. 272
Previously, we observed that M. horonobensis which contains the highest number of MHCs among DIET-273 methanogens was also unable to use a cathode as electron donor 11 . Combined, these results disprove our 274 hypothesis that Methanosarcina species require a multiheme c-type cytochrome for extracellular electron 275
uptake. 276
For Methanosarcinales involved in EET/DIET, the first barrier for electrons to enter a cell is the cell 277 envelope. Thus, for DIET to take place, the cell surface of Methanosarcinales is anticipated to harbor charge 278 transferring molecules. DIET methanogens exhibit very different cell envelopes than strict hydrogenotrphic 279 methanogens. Methanospirillum is one exception being coated by a protein sheath comparable to that of 280 Methanothrix (Fig. 5) . However, the protein sheath of Methanothrix contains 2-5 times more metal ions (Zn, 281
Cu, Fe, Ni) than that of Methanospirillum 60 . Unlike Methanothrix, Methanosarcina are coated by 282 methanochondroitin sulfate, a type of exopolysacharide that resembles chondroitin sulfate in eukaryotes 61 283
where it confers conduction via axonal length 62 . It is typical of exopolysaccharides to absorb metals 63 or 284 even trap redox cofactors and c-type cytochromes 64 , thus the embedded redox centers within the surface 285 matrix may confer very different electric properties. These differences in surface biology may provide DIET-286 methanogens with a specific niche where they could outcompete H2-utilizers (e.g. mineral rich 287 environments). 288
Conclusion 289
The incidence of Geobacter in methanogenic environments is often used as signature for direct interspecies 290 electron transfer, although only two out of seven Geobacter species which are highly electroactive were also able to establish successful partnerships with Methanosarcinales, namely G metallireducens or G.
were able to grow in co-culture with strict H2-utilizing methanogens. 296
All Methanosarcinales tested formed metabolically active DIET consortia with G. metallireducens. In these 297
Methanosarcinales, electron uptake from an extracellular donor was assumed to require multiheme c-type 298 cytochromes. Here we highlight that multiheme c-type cytochromes are not ubiquitous nor restricted to 299 DIET-methanogens and show that the deletion of the sole MHC from M. mazei did not impact their ability to 300 retrieve extracellular electrons from a DIET-partner or from an electrode. This validates that multiheme c-301 type cytochromes are not required for extracellular electron uptake in Methanosarcina. 302
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